mating-type genes. Kalmi et al. (2008) evaluated its ability to decolorize Benazol Black ZN textile dye. However, no proteins have been isolated from this mushroom. The purpose of this study was to isolate a ribonuclease from pink oyster mushroom, ascertain its characteristics, and compare them with previously reported RNases in view of the observations that RNases from different mushroom species may exhibit different characteristics Nomura et al., 1994; Wang and Ng, 2001; Ye and Ng, 2002) .
Materials and Methods
Isolation and purifi cation. Fresh fruiting bodies (0.4 kg) of the edible mushroom Pleurotus djamor, cultivated in the Department of Microbiology, China Agricultural University, were extracted with 0.15 M NaCl using a Waring blender, and then stored at 4 C overnight before centrifugation. (NH 4 ) 2 SO 4 was added to the supernatant to 80% saturation to precipitate proteins. After centrifugation, the precipitate was dissolved in distilled water and dialyzed to remove (NH 4 ) 2 SO 4 before being applied to a DEAE-cellulose (Sigma) column (2.5 20 cm), which had previously been equilibrated with and then eluted with 10 mM NH 4 HCO 3 buffer (pH 9.4). The unadsorbed proteins (fractions D1 and D2) were obtained by eluting the column with the NH 4 HCO 3 buffer. The adsorbed proteins were desorbed sequentially with 150 mM NaCl, and 1 M NaCl in the NH 4 HCO 3 buffer to yield fractions D3 and D4, respectively. Fraction D1 was then subjected to ion exchange chromatography on a column (1 10 cm) of CM-cellulose (Sigma) in 10 mM phosphate buffer (pH 6.2). The column was eluted stepwise with phosphate buffer, 150 mM NaCl in phosphate buffer, and 1 M NaCl in phosphate buffer to obtain unadsorbed proteins (fraction D1C1) and adsorbed proteins (fractions D1C2 and D1C3). Fraction D1C2 was chromatographed on a SP-Sepharose (GE Healthcare) column (1 10 cm) in 10 mM phosphate buffer (pH 7.5). Unadsorbed materials were eluted with the buffer. Adsorbed proteins were desorbed using a linear (0 300 mM) NaCl gradient in phosphate buffer (pH 7.5) to obtain fraction D1C2S2. Fraction D1C2S2 was dialyzed, lyophilized, and further purifi ed on a Superdex 75 HR 10/30 column (GE Healthcare) in 0.2 M NH 4 HCO 3 buffer (pH 8.5) using an AKTA Purifi er (GE Healthcare). The second eluted fraction SU2 represented purifi ed RNase.
Molecular mass determination by sodium dodecyl sulfate polyacrylamide gel electrophoresis and by FPLC-gel fi ltration. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was conducted as described by Laemmli and Favre (1973) , using a 12% resolving gel and a 5% stacking gel. At the end of electrophoresis, the gel was stained with Coomassie brilliant blue. FPLC-gel fi ltration was carried out using a Superdex 75 HR 10/30 column that had been calibrated with molecular-mass standards using an AKTA Purifi er (GE Healthcare).
Analysis of N-terminal amino acid sequence. Amino acid sequence analysis was performed using an HP G1000A Edman degradation unit and an HP1000 HPLC system (Lam et al., 1998) .
Assay of RNase activity. The activity of the purifi ed RNase toward yeast tRNA (Sigma) was determined by measuring the formation of acid-soluble, UV-absorbing species with the method of Wang and Ng (1999) . The RNase was incubated with 200 µg tRNA in 150 µg of 100 mM MES buffer (pH 6.0) at 37 C for 1 h. The reaction was stopped by addition of 350 µl of ice-cold 3.4% perchloric acid. After standing on ice for 15 min, the sample was centrifuged (15,000 g, 15 min) at 4 C. The A 260 of the supernatant was measured after appropriate dilution. One unit of enzymatic activity is defi ned as the amount of enzyme that brings about an increase in A 260 of one per minute in the acid-soluble fraction per milliliter of reaction mixture under the specifi ed conditions.
Effects of pH, temperature and metal ions on RNase activity. Citric acid-Na 2 HPO 4 (pH 2.2 7.8, 0.1 M) was used to adjust the pH values of the reaction mixture and effect of pH on the ribonuclease activity was determined. The incubation of the reaction mixture was carried out at different temperatures from 20 to 100 C to determine the effect of temperature on ribonuclease activity. The effect of metal ions on ribonuclease activity was determined by addition of the chloride at fi nal concentration of 2.5, 5, 12.5, 25 and 50 mM (Wang and Ng, 2001) .
Activity of RNase toward polyhomoribonucleotides. The ribonucleolytic activity of the purifi ed RNase toward polyhomoribonucleotides was assayed with a modifi cation of the method of Wang and Ng (2001) . Incubation of RNase with 100 µg poly(A), poly(C), poly(G) or poly(U) in 250 µl of 100 mM MES buffer (pH 6.0) was performed at 37 C for 1 h, before introduction of 250 µl of ice-cold 1.2 M perchloric acid con-taining 20 mM lanthanum nitrate to stop the reaction. After standing on ice for 15 min, the sample was centrifuged at 15,000 g for 15 min at 4 C. The absorbance of the supernatant, after appropriate dilution, was read at 260 nm (in the case of poly(A), poly(G), and poly(U)) or at 280 nm (in the case of poly(C)) (Guan et al., 2007) .
Assay of antiproliferative activity on tumor cell lines. Hepatoma HepG2 cells and breast cancer MCF7 cells (American Type Culture Collection) were cultured in RPMI medium supplemented with 10% (v/v) fetal bovine serum (FBS), 100 mg/L streptomycin, and 100 IU/ml penicillin, at 37 C in a humidifi ed atmosphere of 5% (v/v) CO 2 . Cells were subsequently seeded into 96-well plates with a concentration of 2 10 3 cells/well, and incubated for 24 h. Different concentrations of Pleurotus djamor RNase in 100 µl complete RPMI medium were then added to the wells and incubated for 72 h (Wang et al., 1995) . After that, MTT quantifi cation assays were carried out to measure the cell viability. Briefl y, 20 µl of a 5 mg/ml solution of [3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide] (MTT) in phosphate buffered saline was spiked into each well, and the plates were incubated for 4 h. The plates were then centrifuged at 2,500 rpm for 5 min. The supernatant was carefully removed, and 150 µl of dimethyl sulfoxide was added to each well to dissolve the MTT formazan at the bottom of the well. After 10 min, the absorbance at 590 nm was measured with a microplate reader. PBS was added into the wells instead of RNase as a control.
Results

Purifi cation and chemical characterization of RNase
Ion exchange chromatography of the fruiting body extract on DEAE-cellulose yielded four fractions: D1, D2, D3 and D4 (Fig. 1) . RNase activity was found mainly in the unadsorbed fraction D1 (Table 1) . D1 was separated into one unadsorbed fraction (D1C1) and two adsorbed fractions (D1C2 and D1C3) (Fig. 2) . Fraction D1C2 was the only fraction with RNase activity (Table 1) . D1C2 was resolved on SP-Sepharose into an unadsorbed fraction, D1C2S1, and an adsorbed fraction, D1C2S2 (Fig. 3) . RNase activity was concen- Fig. 1 . Ion exchange chromatography on DEAE-cellulose. Sample: crude powder. Column dimensions, 2.5 20 cm; fl ow rate, 1.5 ml/min; elution volume in each tube, 4 ml. Starting buffer: 10 mM NH 4 HCO 3 buffer (pH 9.4). Arrows indicate stepwise elution with 150 mM NaCl in NH 4 HCO 3 buffer and 1 M NaCl in NH 4 HCO 3 buffer. Sample: fraction D1. Column dimensions, 1 10 cm; fl ow rate, 1 ml/min; elution volume in each tube, 3 ml. The unadsorbed fraction D1C1 was eluted with 10 mM phosphate buffer (pH 6.2) whereas fractions D1C2 and D1C3 were desorbed from column with 150 mM NaCl and 1 M NaCl in phosphate buffer, respectively. trated in fraction D1C2S2 (Table 1) . Fraction D1C2S2 was resolved into two fractions, SU1 and SU2, upon gel fi ltration on Superdex 75 (Fig. 4) . RNase activity resided in the second fraction, SU2, which had a molecular mass of 15 kDa (Table 1) . Fraction SU2 appeared as a single band with a molecular mass of 15 kDa in SDS-PAGE. Thus it represented purifi ed RNase (Fig. 5) . There was an approximately 200-fold increase of purifi cation (Table 1) . Its N-terminal amino acid sequence was DTACNCRKQV. It showed little similarity to other mushroom RNases (Table 2) .
Dependence of RNase activity on pH, temperature, and metal ions
Its optimum temperature and pH were 60 C and pH 4.6, respectively (Fig. 6, Fig. 7) . The reduction in RNase activity with an increase in temperature from 60 C to 80 C occurred at approximately the same rate as the drop in activity with a lowering of temperature from 30 C to 60 C. The activity observed at room temperature (20 C) was about the same as those seen at 80 C, 90 C and 100 C (Fig. 6) . As the ambient pH was elevated or lowered, the activity underwent a decline. The activity at pH 8 and at pH 3.5 was only about 1/3 of that at the optimum pH. The activity at pH 2 and pH 3 was 1/7 of that at the optimum pH. Hence the fall in RNase activity was more rapid with a reduction in pH than with an increase in pH (Fig. 7) .
The activity of the RNase was markedly reduced in the presence of Fe 3+ , Al 3+ , Ca 2+ and Hg 2+ ions, with the extent of inhibition being Fe 3+ Al 3+ Ca 2+ Fig. 3 . Ion exchange chromatography on SP-Sepharose. Sample: fraction D1C2. Column dimensions, 1 10 cm; fl ow rate, 1 ml/min; elution volume in each tube, 3 ml. The unadsorbed fraction D1C2S1 was eluted with 10 mM pH 7.5 phosphate buffer (pH 7.5). Adsorbed fraction D1C2S2 was desorbed from column using a linear (0 300 mM) NaCl gradient in phosphate buffer (pH 7.5). . Of all the ions tested, only K + was devoid of any inhibitory effect. The remaining ions tested exerted a less potent inhibitory action. In most cases, the inhibition became prominent only when the ionic concentration reached 50 mM (Table 3) .
Polyhomoribonucleotide specifi city of RNase activity
The activity of the RNase toward different polyhomoribonucleotides varied considerably. There was high activity toward poly(U) (48.5 3.1 U/mg) and poly(C) (20.3
1.3 U/mg) and only residual activity toward poly(A) (1.2 0.1 U/mg) and poly(G) (0.7 0.1 U/mg).
Other biological activities of RNase
Its inhibitory activity toward HepG2 cells and MCF7 cells was dose-dependent. The IC 50 values were 3.9 0.2 µM and 3.4 0.2 µM, respectively (Table 4) . Fig. 6 . Effect of temperature on ribonuclease activity. The activity which was 25,858.5 U/mg at 37 C was taken as 100%. Results represent mean SD (n = 3). Fig. 7 . Effect of pH on ribonuclease activity. Ribonuclease activity of Pleurotus djamor ribonuclease in 0.1 M citric acid-Na 2 HPO 4 buffer at different pH values. The activity which was 7,026 U/mg at pH 4.6 was taken as 100%. Results represent mean SD (n = 3). Results represent mean SD (n = 3). Data in the same group bearing different letters as superscripts show statistically significant difference (p 0.05) from each other when analyzed by ANOVA followed by Duncan s multiple range test. Results represent mean SD (n = 3). Data in the same group bearing different letters as superscripts show statistically signifi cant difference (p 0.05) from each other when analyzed by ANOVA followed by Duncan s multiple range test. Anti-mitogenic activity none 65 nM means not tested. Data from A refers to this study, B refers to Ye and Ng (2003) , C refers to Wang and Ng (2004) , D refers to Xia et al. (2005) , E refers to Ye and Ng (2002) , F refers to Ngai and Ng (2004) , and G refers to Wang and Ng (2001) .
Comparison with other Pleurotus ribonucleases P. djamor ribonuclease was similar to most of the previously reported Pleurotus ribonucleases in molecular mass and optimum temperature. It differed from others in optimum pH and polyhomoribonucleotide specifi city. In addition, it exhibited anti-proliferative activity (Table 5) .
Discussion
P. tuber-regium RNase (Wang and Ng, 2001 ) is much more thermostable than Pleurotus djamor RNase and R. virescens RNase . The activity of the fi rst RNase is retained after treatment at 100 C for 30 min. A precipitous fall in activity of Pleurotus djamor RNase and R. virescens RNase is observed when the ambient temperature is elevated above 60 C and 70 C, respectively. In both cases, the optimal temperature is 60 C, close to that for P. pulmonarius RNase, which also undergoes rapid inactivation when the temperature rises above 60 C (Ye and Ng, 2002) . The RNase activity of Pleurotus djamor RNase is nearly halved when the temperature is raised from 60 C to 70 C, and reduced by 25% when the temperature is lowered from 60 C to 50 C. The data indicate that it is a thermolabile protein.
A pH of 4.5 4.6 is optimal for the activity of Pleurotus djamor RNase, R. virescens RNase , and the portabella mushroom Agaricus bisporus RNase (Wang and Ng, 2006) . The RNase activity of P. sajor-caju RNase is at or near its maximum over the pH range 5 7 and is essentially polyU-specifi c (Ngai and Ng, 2004) . The optimal pH is found to be 6.5 7.0 for Clitocybe maxima RNase, 6.5 for Pleurotus tuberregium RNase and Pleurotus eryngii RNase , 6.5 7.6 for Volvariella volvacea RNase, 7.0 for Pleurotus pulmonarius RNase, and 8.0 for Pleurotus ostreatus RNase. Thus it appears that Pleurotus djamor RNase is dissimilar from the majority of mushroom RNases in optimum pH (Wang and Ng, 1999) .
The ribonucleolytic activity of Pleurotus tuber-regium RNase is inhibited by HgCl 2 , ZnSO 4 , NiSO 4 , CaCl 2 , and Pb(NO 3 ) 2 (Wang and Ng, 2001) . The ribonuclease activity of P. sajor-caju RNase is unaffected in the presence of KCl and NaCl, but is strongly inhibited by CuSO 4 and less potently inhibited by other divalent salts including MgCl 2 , CaCl 2 , ZnCl 2 , ZnSO 4 and FeSO 4 (Ngai and Ng, 2004) . Pleurotus djamor RNase resembles P. sajor-caju RNase in that KCl has little effect on the RNase activity. Like RNase from Pleurotus tuberregium (Wang and Ng, 2001) Pleurotus djamor RNase is unadsorbed on DEAEcellulose, and adsorbed on CM-cellulose and SP-Seph arose. This chromatographic behavior is similar to other mushroom RNases. Its molecular mass is close to those of other mushroom RNases. With regard to polyhomoribonucleotide specifi city, Pleurotus djamor RNase is akin to Pleurotus ostreatus (Nomura et al., 1994) RNase and Pleurotus sajor-caju (Ngai and Ng, 2004) RNase in having the highest activity toward poly(U).
The antiproliferative activity of Pleurotus djamor RNase is in line with similar observations on bullfrog RNase (Benito et al., 1999) and Agrocybe cylindracea RNase (Ngai et al., 2003) . The activity toward HepG2 and MCF7 cells is highly potent with IC 50 values of 3 4 µM.
The N-terminal amino acid sequences of various Pleurotus RNases differ from each other and also from Pleurotus djamor RNase. Pleurotus djamor RNase resembles some/all other Pleurotus RNases in chromatographic behavior, molecular mass, optimum temperature, and polyhomoribonucleotides specifi city. However, Pleurotus djamor RNase differs from others optimum pH. It manifests antiproliferative activity against tumor cells. This activity often has not been demonstrated for other mushroom RNases.
